1. Introduction {#sec1}
===============

Young piglets have a high susceptibility to various stressors, including bacterial pathogens, oxidative stress and inflammation, leading to reduced growth performance, high mortality and morbidity rates and compromised animal welfare. Antibiotic growth promoters (AGP) have widely been used in pig diets, especially in nursery diets, to control incidences of post-weaning diarrhea and to improve growth performance. Total consumption of antimicrobials in food animal production worldwide was estimated at 63,151 t in 2010 with an increasing trend and the annual consumption of antimicrobials per kilogram body weight is 148 mg/kg for pigs ([@bib154]). This practice may lead to the spread of antimicrobial-resistant bacterial pathogens in both pigs and humans, posing a significant public health threat ([@bib168]). The use of AGP in food animal production has been banned in European Union since 2006 ([@bib15]). The U.S. Food and Drug Administration placed restrictions on antibiotic use in animals in December 2016 and Health Canada will ban the use of antibiotics in animal diets in December 2017 with more countries expected to follow. Several challenges are associated with the withdrawal of antibiotics from feeds ([@bib175]). Therefore, it is critical to develop cost-effective antibiotic alternatives for ensuring the long-term sustainability of pig production ([@bib168], [@bib153]). Organic acids ([@bib46], [@bib36]), enzymes ([@bib14], [@bib80]), probiotics ([@bib63], [@bib64], [@bib111]), antimicrobial peptides ([@bib26]), medium chain fatty acids ([@bib19]) and essential oils ([@bib165], [@bib130], [@bib57]) have been widely recognized as promising alternatives to antibiotics in feeds.

Essential oils are natural bioactive compounds derived from plant and have positive effects on animal growth and health ([@bib129]). Because of the antimicrobial, anti-inflammatory and antioxidative properties, essential oils have been widely used as traditional medicines to improve health or cure diseases in humans ([@bib21], [@bib83]). The bioactive components in essential oils have been identified and some progress have been made to elucidate the mechanisms underlying the functions of these compounds in animals, leading to increased research efforts to use essential oils to replace antibiotics in animal feeds ([@bib94]). However, the application of essential oils in the feed has been mainly based on the antimicrobial effects. Moreover, the minimum inhibitory concentration (MIC) of most essential oils are much higher than the acceptable levels in animal industry in terms of cost-effectiveness and feed palatability ([@bib168]). Other than the varied results and unclear mechanisms, there are still several other challenges in using essential oils in animal feeds, including toxic effects, regulatory concerns and high inclusion costs. Therefore, it is vital to investigate the specific effects and target sites (either animal host or its microbiome) of individual compounds in essential oils to facilitate the application of essential oils in swine production.

2. Essential oils {#sec2}
=================

Essential oils are aromatic, volatile and oily liquids extracted from plant materials such as seeds, flowers, leaves, buds, twigs, herbs, bark, wood, fruits and roots ([@bib21]). The word "essential" is postulated by Paracelsus in the theory of 'quinta essentia', which means that the quintessence can be useful medically due to its effectiveness ([@bib124]). Essential oils are a mixture of complex compounds which may vary in their individual chemical compositions and concentrations. For instance, the predominant components thymol and carvacrol found in thyme, researchers have found that they can be as low as 3% to as high as 60% of the total essential oils in thyme ([@bib91]). Also, it was discovered that a major component of the cinnamon essential oils, cinnamaldehyde ranges from 60% to 75% of the total oil ([@bib45]). These constituents of essential oils such as carvacrol and thymol present in thyme provide broad spectrum antimicrobial activities against Gram-negative and gram-positive bacteria, fungi and yeast ([@bib134], [@bib1]). Essential oils have greater effect against gram-positive (G^+^) than gram-negative (G^−^) bacterial pathogens because the entrance of hydrophobic compounds through the lipopolysaccharide structures of G bacteria are limited due to their outer membrane coating the cell wall ([@bib152]). Various researchers have proven essential oils as alternatives to antibiotics because they have antimicrobial, anti-inflammatory, antioxidative, and coccidiostatic properties. They enhance digestibility ([@bib25]) and immunity ([@bib21]), promote gut health by minimizing the effect of the pathogenic bacteria ([@bib25]), and control odor and ammonia emission ([@bib156]).

Essential oils have 2 major classes of compounds, terpenes (e.g., carvacrol and thymol) and phenylpropenes (e.g., cinnamaldehyde and eugenol). Terpenes are sub-divided in respect to the numbers of 5 -- carbon building blocks known as isoprene units with mono (C~10~H~6~), sesqui (C~15~H~24~) and diterpenes (C~20~H~32~). There are some different sources of terpenes represented by the existence or non-existence of the ring structures, double bonds, and addition of oxygen or presence of stereochemistry ([@bib93]). It is estimated that there are more than 1,000 monoterpenes and more than 3,000 sesquiterpenes based on various researchers ([@bib29]). There are just 50 phenylpropenes discovered ([@bib93]). The commonly used essential oils in animals are carvacrol, thymol, citral, eugenol and cinnamaldehyde and their chemical properties and stability were described in [Table 1](#tbl1){ref-type="table"}.Table 1Chemical properties of essential oils popularly used in pig feeds (Adapted from [@bib105]).Table 1CompoundCarvacrolThymolCitralEugenolCinnamaldehydeChemical structure![](fx1.gif)![](fx2.gif)![](fx3.gif)![](fx4.gif)![](fx5.gif)FormulaC~10~H~14~OC~10~H~14~OC~10~H~16~OC~10~H~12~O~2~C~9~H~8~OMolecular mass, g/mol150.2150.2152.2164.2132.2Density, kg/m^3^9769698931,0671,050Melting point, °C0 to 249 to 52−10−12 to −10−7.5Boiling point, °C234 to 238232 to 233229253246 to 251Vapor pressure at 20 °C, Pa35250 (50 °C) to 133 (64 °C)22133 (78 °C)3.85Solubility in water, g/L0.83 to 1.100.85-1.01 to 1.4 (40 °C)0.590.80 to 2.411.42 to 1.45Solubility in ethanol, g/LGood1,000Good500 (in 70%), good150 (in 60%), goodOctanol/water partition\
Coefficient, log *K*~*ow*~3.38 to 3.643.302.8 to 3.02.991.9pKa value10.410.4------Physical appearance at room temperatureColorless to pale yellow liquidWhite crystalline powder or large colorless crystalsPale yellow liquidColorless or pale yellow, thin liquidClear yellowish liquid

3. Antimicrobial effects of essential oils {#sec3}
==========================================

3.1. Mode of action of essential oils {#sec3.1}
-------------------------------------

Although carvacrol and thymol have several target sites in bacterial cells, the biosynthetic machinery of bacterial cell walls is their main target site ([@bib48], [@bib169]). First, carvacrol and thymol can sensitize the cell walls (including membranes) and cause significant membrane damages, leading to integrity collapse of the bacterial cytoplasmic membrane, leakage of vital intracellular contents and eventually death of the bacterial cells. The leakage often happens through cell wall damage, cytoplasmic membrane damage, cytoplasm coagulation and membrane protein destruction ([@bib28], [@bib30], [@bib61], [@bib151]) as well as reduction of proton motive force ([@bib116]). Secondly, with their lipophilic structure, carvacrol and thymol can easily get into the bacterial membranes among the fatty acid chains and cause the membranes to expand and become more fluidity. With these properties, carvacrol and thymol are regarded as promising alternatives to antibiotics in swine production systems ([@bib82], [@bib89], [@bib41]). The position of functional groups (e.g., hydroxyl or alkyl) in essential oils plays very important roles in the antimicrobial activities of essential oils. Although thymol and carvacrol have similar antimicrobial effects, they have different effects on G^+^ or G^−^ bacteria based on the positions of one or more functional groups in thymol and carvacrol. Their antimicrobial action highly depends on the hydroxyl group of the phenolic terpenoids and the presence of delocalized electrons ([@bib89], [@bib151]), which often determine the level of their antimicrobial activity on different bacteria. Helander et al. reported that thymol and carvacrol were able to damage the outer membrane of *Salmonella typhimurium* and *Escherichia coli* O157:H7 because of their enhanced ability to release lipopolysaccharides and sensitize membrane ([@bib61]). Both carvacrol and thymol have lipopolysaccharide releasing properties that make them have superior antimicrobial properties against some G^−^ bacteria when compared to other essential oils. Another hypothesis is the proton exchanger model and carvacrol can act as a trans-membrane carrier by exchanging its hydroxyl proton for a potassium ion resulting in dissipation of the pH gradient and electrical potential over the membrane, reduced proton motive force and depletion of intracellular adenosine triphosphate (ATP) pools. Loss of potassium can also cause problems, since it plays very important roles in the activation of a number of cytoplasmatic enzymes, in maintaining osmotic pressure and in the regulation of intracellular pH. Generally speaking, bacteria can use ionic pumps to counter these effects and cell death does not always happen, but large amounts of energy are needed for this function and bacterial growth is compromised ([@bib150], [@bib151]). Eugenol and cinnamaldehyde also have a phenolic functional group and their antimicrobial activities related to membrane effects and energy generation have been reported ([@bib55], [@bib56]). A study has been reported that cinnamaldehyde and eugenol can effectively inhibit histidine decarboxylase activity of *Enterococcus aerogenes* at sublethal levels ([@bib164]). The hydroxyl group of eugenol and the carbonyl group of cinnamaldehyde are believed to bind to proteins, inhibiting the action of amino acid decarboxylases in *E. aerogenes*. Therefore, the primary mechanism of action for thymol, carvacrol, eugenol and cinnamaldehyde is related to their effects on the cytoplasmic membranes and energy metabolism.

3.2. Minimum inhibitory concentration of essential oils {#sec3.2}
-------------------------------------------------------

The definition of MIC is the minimal concentration of an antimicrobial compound that inhibits the growth of a microorganism. The MIC of an antimicrobial compound has been widely used in laboratory to measure the activity of an antimicrobial compound against a microorganism. Individual essential oil\'s MIC can be different from bacterium to bacterium and from strain to strain. Laboratory conditions for MIC assays may also affect results. Some popularly used essential oils and their MIC values on several bacterial pathogens are described in [Table 2](#tbl2){ref-type="table"}.Table 2Minimum inhibition concentration (MIC) of essential oils against various bacterial pathogens (Adapted from [@bib168]).Table 2ProductPathogenic microbeGramMIC (unit)MIC (\#)ReferenceThymol*Lactococcus piscicum*+mg/L320[@bib115]*Streptococcus phocae*+mg/L640[@bib115]*Flavobacteriaum psychrophilum*−mg/L320[@bib115]*Vibrio anguillarum*−mg/L80[@bib115]*Vibrio parahaemolyticus*−mg/L320[@bib115]*Pseudomonus* sp.−mg/L640[@bib115]*Brachyspira hyodysenteriae*−mmol/L1.25[@bib155]*Escherichia coli* 0157:H7−μg/mL166[@bib139]*Salmonellatyphimurium* DT104−μg/mL233[@bib139]*Escherichia coli* K88−μg/mL100[@bib139]*Lactococcus lactis*+mg/L1,280[@bib115]Eugenol*Vibrio* sp.−μg/mL156[@bib137]*Escherichia coli*−μg/mL625[@bib137]*Salmonella*−μg/mL156[@bib137]*Pseudomonas* sp.−μg/mL325[@bib137]*Edwardsiella tarda*−μg/mL56 to 125[@bib137]*Aeromonas hydrophilla*−μg/mL625[@bib137]*Brachyspira hyodysenteriae*−mmol/L2.5[@bib155]*Escherichia coli* 0157:H7−μg/mL466[@bib139]*Salmonellatyphimurium* DT104−μg/mL400[@bib139]*Escherichia coli* K88−μg/mL300[@bib139]Carvacrol*Listonella anguillarum*−μg/mL25[@bib158]*Brachyspira hyodysenteriae*−mmol/L1.25[@bib155]*Escherichia coli* 0157:H7−μg/mL283[@bib139]*Salmonellatyphimurium* DT104−μg/mL167[@bib139]*Escherichia coli* K88−μg/mL100[@bib139]Cinnamaldehyde*Brachyspira hyodysenteriae*−mmol/L0.31[@bib155]*Escherichia coli* 0157:H7−μg/mL133[@bib139]*Salmonellatyphimurium* DT104−μg/mL100[@bib139]*Escherichia coli* K88−μg/mL133[@bib139]

3.3. Synergism of essential oils and organic acids {#sec3.3}
--------------------------------------------------

Most G^+^ bacterial cell wall (approximately 90% to 95%) are comprised of peptidoglycan. This feature can allow hydrophobic compounds to easily penetrate the cells and then act on both cell wall and cytoplasm ([@bib76], [@bib149]). After entering the cell, these compounds can not only affect several enzymes involved in energy production at lower concentrations, but also denature proteins at higher concentrations. G^−^ bacteria only have a 2 to 3 mm peptidoglycan layer comprising about 20% of the dry weight of bacterial cells and an outer-membrane is located in the outside of this peptidoglycan layer and this outer-membrane is composed of a double layer of phospholipids firmly linked to the inner membrane by Braun\'s lipoprotein. Basically, G^−^ bacteria are more resistant to essential oils when compared with G^+^ bacteria. The thick outer membrane in G^−^ bacteria reduces permeability and provides an extra layer to protect cells from essential oils.

Organic acids have a better efficacy against G^−^ bacteria than essential oils ([@bib178], [@bib142], [@bib102]). A study has shown that grape seed extract had a much higher MIC value at 10 mg/mL against *Vibrio parahaemolyticus* in sucked oysters when compared to citric acids (5 mg/mL) and lactic acids (1 mg/mL). Small hydrophilic organic acids are believed to be able to pass through the membrane via porin protein but not the hydrophobic polyphenol compounds. There are several factors contributing to the microorganism inhibition by organic acids, including reduction in pH, the ratio of non-disassociated form of organic acids, chain length, level of branching and cell physiology/metabolism ([@bib18]). The lipophilic nature of weak organic acids allows them to easily enter plasma membrane and thus reduce the pH of cell\'s interior, eventually leading to the death of bacterium ([@bib160]).

There are several studies demonstrating the additive effects of some essential oils and organic acids ([@bib178], [@bib142], [@bib67]). [@bib178] reported that an essential oil (carvacrol or thymol) in combination with acetic acid or citric acid but not with lactic acid had a better efficacy against G^−^ bacteria (*S.* *typhimurium*), when compared with individual essential oil or organic acids alone. The mechanisms underlying this potential synergism between some essential oils and organic acids are still not clear. However, it is well-known that phenols in essential oil can change the structure and functions of bacterial cell membrane, leading to swelling and thus increased membrane permeability. The compromised cell membrane might explain the observed synergism, since the phenolic compounds could cause significant damages to the cell membranes, increasing the susceptibility of the bacteria to organic acids. Moreover, the hydrophobicity of an essential oil is increased at low pH, enabling it to more easily pass through the lipids of the bacterial cell membrane ([@bib76]). In recent studies, the results have been clearly shown *in vivo* efficacy of such synergistic dietary strategies in pigs and poultry ([@bib43], [@bib10], [@bib159], [@bib97]). The inclusion of essential oils blend with organic acids in pig diets before slaughter can hinder *Salmonella* shedding and seroprevalence ([@bib182]; [@bib159]).

3.4. Synergy of essential oils and medium chain fatty acids (MCFA) {#sec3.4}
------------------------------------------------------------------

As shown in [Table 3](#tbl3){ref-type="table"}, MCFA include lauric acid (C12), capric acid (C10), caprylic acid (C8), carboxylic acids (C7 and C9) and caproic acid (C6) and their derivatives are also another of the alternatives to antibiotics for piglets ([@bib19], [@bib171], [@bib172], [@bib60], [@bib173], [@bib38]). Medium chain fatty acids have the capacity to fight against microbial activity of *Salmonella* and *E. coli* ([@bib44], [@bib135]). Research carried out by [@bib59] shows that the performance of pig fed eucalyptus MCFA blend was the same as that of antibiotics. Medium chain fatty acids are shown to have a good effect on G^−^ and G^+^ bacteria. The effectiveness of the antimicrobial activity of MCFA towards some groups of bacteria is different based on their chain lengths ([@bib135]). Caprylic acid may have similar mode of action with short chain fatty acids because MCFA may inactivate bacteria by creating an acidic environment or by a direct impact on the expression of virulence factors necessary for *Salmonella* colonization. At low dietary levels, MCFA may be regarded as modulators of the gastric microbiota in weaned piglets. The additive effects were observed with multiple strains of *Salmonella*, *Listeria monocytogenes*, *E. coli* and *Streptococcus aureaus* when treated with a combination of oregano oil and caprylic acid ([@bib67]). Similar effects of cinnamaldehyde and lauric acid against *Brachyspira hyodysenteriae*, the causative pathogen of swine dysentery, were observed *in vitro* ([@bib100]). Medium chain fatty acids are generally recognized as safe (GRAS) by the Food and Drug Administration ([@bib37]). Some MCFA and their derivatives have strong and unpleasant smells that can reduce feed palatability and feed intake of pigs ([@bib171]). These may be overcomed by using the combination of essential oils and MCFA. However, there is no information on the *in vivo* application of the combination of essential oils and MCFA in swine production.Table 3Molecular structure and physico-chemical properties of medium chain fatty acids used in pig feed.Table 3NameSystemic nameFormulaSkeletal structureMelting point, °CBoiling point, °CDensity, g/mLCaproic acidHexanoic acidC~6~H~12~O~2~![](fx6.gif)−3.4205.80.929Caprylic acidOctanoic acidC~8~H~16~O~2~![](fx7.gif)16.72390.910Capric acidDecanoic acidC~10~H~20~O~2~![](fx8.gif)27 to 32268 to 2700.893Lauric acidDodecanoic acidC~12~H~24~O~2~![](fx9.gif)43.8225 to 2971.007

4. Effect of essential oils on intestinal inflammation {#sec4}
======================================================

The gut has various important functions including absorption of nutrient, electrolytes and water, secretion of water, electrolytes, immunoglobulin, cytokines and mucin, and selective barrier protection against harmful antigens, toxins and pathogens ([@bib88]). However, it has been believed that except its absorption, secretion and barrier properties, the gut also plays a dynamic role in organ integrity, immunity and body defense ([@bib47], [@bib126]). Gut epithelial cells play an important role in immune system as "watch dogs" and they can detect the onset of immune responses or inflammation through cytokines. These cytokines are vital for recruitment and activation of different types of immune cells including neutrophils, macrophages, T and B cells and dendritic cells ([@bib47], [@bib126]). The gut immune system is dramatically different from systemic immune system. The gut immune system must balance 2 opposite functions: not only mounting an immune response to pathogens, but also maintaining tolerance to antigens derived from commensal bacteria and compounds from feeds ([@bib126]).

The balance of those 2 opposite functions could cause feed intolerance, inflammation and diseases ([@bib168]). Gut inflammation is associated with compromised gut growth and development and reduced efficiency of nutrient utilization. It has been reported that gut acute and chronic inflammatory diseases often lead to gut morphological changes, mucosa damage, increased mucosal permeability, compromised gut development and poor nutrient absorption capacity ([@bib162], [@bib112], [@bib128], [@bib144]). Generally, 3 types of gut inflammation have been observed in pigs related to pathogens, nutrition and management and they are pathogen infection-associated, diet allergen-associated and weaning-associated gut inflammation ([@bib168]). Although the inflammation does not cause full-blown clinical symptoms, it leads to a significant reduction of growth performance and causes considerable economic loss in pig production.

When immune response is initiated, macrophages are recruited in the tissues to produce an inflammatory reaction, and then T cells are also involved in the inflammation in later stages of immune response. Nuclear factor kappa B (NF-κB) is a transcriptional factor and plays very important roles during the above process ([@bib133]). After activated by several inducers such as pro-inflammatory cytokines, reactive oxygen species (ROS) and lipopolysaccharides, NF-kB is translocated from the cytoplasma to the nucleus and then induces the expression of numerous pro-inflammatory proteins including cytokines, chemokines, adhesion molecules and enzymes that are involved in inflammation, cell apoptosis and proliferation ([@bib11]). It has been evidenced that there is potential cross-talks between the nuclear factor-erythroid 2-related factor-2 (Nrf2) and NF-κB pathways and *Nrf2* gene dysfunction could lead to increased susceptibility to inflammatory stresses ([@bib79]). Given that gut inflammation in pigs does not only impair function and integrity of the gut but also affect growth performance, dietary strategies are necessary to inhibit the inflammatory process in the gut. Essential oils have been shown to manipulate both Nrf2 and NF-κB transcription factors to suppress inflammation ([@bib87], [@bib166], [@bib181], [@bib49]). Essential oils and avilamycin significantly reduced the expression of the *NF-κB*, *tumor necrosis factor-α (TNF-α)* and the size of Peyer\'s patches in the intestine of weaned piglets, as well as the cyclin D1 in the colon, mesenteric lymph nodes and spleen ([@bib87]). Several studies have demonstrated that essential oils including cinnamaldehyde ([@bib166]) and oregano oil ([@bib181]) increased the expression and translocation of Nrf2 and prevented the activation of NF-κB. These results suggest that these essential oils can reduce inflammation, and eventually lead to the improvement of pig health and growth performance through modifying the Nrf2 and NF-κB pathways. The supplementation of cinnamon oil in feeds attenuated lipopolysaccharide (LPS)-induced injury by suppressing inflammation ([@bib161]). There is experimental evidence showing that oral administration of essential oils significantly reduces and limits the severity and development of experimental autoimmune encephalomyelitis, mainly through the modulation of Th1/Treg immune balance ([@bib4]). Therefore, it is clearly demonstrated that essential oils can modulate pig immune responses through different cell signaling pathways to enhance pig health.

5. Effect of essential oils on oxidative stress {#sec5}
===============================================

Oxidative stress represents an important chemical mechanism that leads to biological damage, which in turn can affect growth performance and health in pigs, especially in modern high-performance swine production systems. Pigs are frequently exposed to several stressors including weaning, malnutrition, disease challenge, heat stress, in-feed mycotoxin contaminations, transportation and overcrowding. These stressors are known to increase the production of ROS and when the antioxidant system is overwhelmed by the production of ROS, oxidative stress occurs. The oxidative stress might be associated with a drop in performance, compromised immunity, muscle degeneration, increased risk of stroke in fast growing pigs, mulberry heart disease, reduced appetite, diarrhea, destruction of liver tissue, and increased risk of abortion of gestation sows.

As an important counterpart of NF-κB, Nrf2 is a redox sensitive transcription factor and can be sequestered in the cytoplasm by Kelch-like ECH-associated protein 1 (Keap1) under normal conditions. Nuclear factor-erythroid 2-related factor-2 can be dissociated from Keap1 and translocated into the nucleus, activating the expression of genes containing an antioxidant response element (ARE) ([@bib113]). The Nrf2-ARE pathway positively regulates the expression of antioxidant and detoxification enzymes in cells such as glutathione peroxidase (GPx), catalase (CAT), glutathione S-transferase (GST), glutathione reductase (GR), superoxide dismutase (SOD), NADH(P)H-Quinone-Oxidoreductase 1 (NQO1), Heme oxygenase (HO1) and the glutathione (GSH) precursor gamma-glutamyl cysteine synthetase (γ-GCS) and these enzymes can help to re-establish cellular redox homeostasis ([@bib42], [@bib92], [@bib118], [@bib107]).

Synthetic antioxidants such as ethoxyquin, butylated hydroxyanisole (BHA) and butylated hydroxytoluene (BHT) are commonly used as effective feed additives in pig diets in order to increase the stability of feed and protect nutrients (e.g., fat and vitamins) from oxidation. However, such synthetic antioxidants do not have biological effects *in vivo*, and their toxicological safety is also a concern. This has driven the search for natural compounds that could not only replace synthetic antioxidants in pig feed, but also provide additional zootechnical benefits ([@bib168]). It is well known that essential oils and plant extracts have anti-oxidative effects ([@bib12]) and they have been used successfully in animal diets ([@bib109], [@bib3], [@bib127], [@bib147], [@bib181], [@bib97]). [@bib181] investigated the antioxidative effects of oregano essential oil in pig small intestinal epithelial cells (IPEC-J2) and demonstrated that ROS and malondialdehyde (MDA) induced by H~2~O~2~ were dramatically suppressed by oregano essential oil by inducing Nrf2 and several antioxidant enzymes (superoxide dismutase and g-glutamylcysteine ligase). [@bib74] also found that schisandrae semen essential oil attenuated cell damage induced by oxidative stress in C2C12 murine skeletal muscle cells through the upregulation of HO-1 mediated by Nrf2. Another *in vitro* study also indicated that lemongrass essential oil reduced DNA damage and oxidative stress induced by benzo(a)pyrene in human embryonic lung fibroblast cells. [@bib170] indicated that pigs fed an essential oil diet had higher levels of albumin, immunoglobulin A (IgA), IgG, total antioxidant capacity and lower fecal score when compared to pigs fed control diets. A recent *in vivo* pig study has shown that dietary supplementation with 100 mg/kg mixture of carvacrol and thymol (1:1) decreased the weaning associated intestinal oxidative stress through decreasing *TNF-α* mRNA ([@bib163]).

Increased oxidative stress leads to impaired milk production, reproductive performance, and longevity of sows ([@bib16], [@bib176]). Compromised ability to produce milk could directly impair the health and growth of nursing piglets. It may also have a long-term effect on health and growth throughout the life of pigs. An increase in systemic oxidative stress was observed in late gestation and early lactation of sows and the supplementation of oregano essential oil improved performance of their piglets through reducing oxidative stress ([@bib147], [@bib146]). Therefore, supplementation of essential oils is a promising method to ameliorate the negative effects of oxidative stress induced by different stressors in modern high-performance swine production systems.

6. Effect of essential oil on quorum sensing {#sec6}
============================================

6.1. Bacterial cell signaling {#sec6.1}
-----------------------------

Quorum sensing is referred to a regulatory system depending on population density in bacteria and it regulates gene expression in response to cell density through accumulation of diffusible signaling molecules ([@bib35]). Quorum sensing has an important role to regulate various important physiological processes, particularly the expression of virulence factors which play important roles during the process of pathogenic microbe-host interactions ([@bib58], [@bib167], [@bib157], [@bib40], [@bib75], [@bib73]). There are three major types of signaling components that have been used for QS, including acyl-homoserine lactones (AHL), small polypeptides and autoinducer-2 (AI-2). Acyl-homoserine lactones are biosynthesized by the LuxI family members of AHL synthases and mainly used in G^−^ bacteria ([@bib125]). However, G^+^ bacteria utilize modified oligopeptides as autoinducer molecules because G^+^ bacteria do not have LuxI or LuxR homologs ([@bib132]). The G^−^ and G^+^ bacteria can share AI-2 and the gene, *luxS* that is responsible for the synthesis of AI-2 in bacteria ([@bib136]). It has been reported that QS plays significant roles in the regulation of virulence factors expression in numerous enteric pathogens ([@bib122], [@bib157], [@bib78], [@bib180]). Therefore, it can be a promising tool to control enteric pathogens in pig production through interfering QS by small molecules or QS quenching enzymes. However, identification of QS inhibitors for pathogenic pathogens and studies on their mechanisms and applications in swine production are still required.

6.2. Disrupting quorum sensing {#sec6.2}
------------------------------

Each QS circuit used by a specific bacterium is different. However, all kinds of QS systems share a common mechanism comprised of signal synthesis, signal accumulation and signal detection ([@bib90]). Therefore, there are 3 steps that QS inhibitors can target: QS signal biosynthesis, QS signal degradation and inactivation, and signal detection ([@bib32], [@bib90]). Extensive studies have been investigated the application of small molecules to disrupt the expression of virulence genes that are regulated by QS, and numinous natural and synthetic small molecules that can inhibit QS have been identified ([@bib53]). Eugenol and carvacrol are the most intensely studied QS-disrupting essential oils ([@bib179], [@bib22], [@bib108]). Except the use of small molecules, another strategy for inhibiting QS is to degrade QS autoinducers enzymatically ([@bib32]). There are 3 known classes of enzymes including lactonases, acylases and oxidoreductases, hydrolyzing AHL to produce products that are no longer active signaling agents ([@bib65]). It has been recently reported that *Ruminococcus obeum* could decrease *Vibrio cholerae* growth and colonization through increasing LuxS/AI-2-based QS of *R.* *obeum* ([@bib66]). In conclusion, it may be feasible to disrupt QS by using synthesized or natural small molecules, QS quenching enzymes and probiotics bacteria, which could limit the growth and colonization of enteric pathogens in swine production.

Numerous studies have shown that various essential oils can disrupt the QS of pathogenic bacteria ([@bib17], [@bib27], [@bib145], [@bib179]). However, all evidence has come from *in vitro* studies and studies on food microbiology ([@bib77], [@bib6]). It is an unexplored strategy to control bacterial infections in animals by using inhibition of QS ([@bib39]). However, it is an exception in aquaculture. It has been reported that Cinnamaldehyde and its derivatives are effective against *Vibrio harveyi* in brine shrimp ([@bib120], [@bib20]) and the potential mechanism is to disrupt protein-DNA interactions of the QS-responsive master regulatory protein LuxR. A most recent study strongly support that carvacrol and eugenol inhibit specific virulence determinants in *Pectobacteria* through disputing the QS machinery and these 2 volatiles directly inhibit AHL production, potentially via direct interaction with ExpI/ExpR proteins ([@bib73]). Similar results were also found in a study indicating that essential oil (carvacrol and thymol) suppresses biofilm ([@bib121]). Although the application of QS inhibition in pig pathogens are still lacking, it is expected that this strategy will receive significant attentions in swine production in the coming years.

7. Effect of essential oils on intestinal microbiota and microbiome {#sec7}
===================================================================

The pig gut is generally considered to be sterile prior to birth, but rapidly becomes colonized with microbes from the environment and diet ([@bib71], [@bib81]). The colonizing microbes subsequently develop into a highly diverse microbiota with varying microbial density and composition among different gut compartments. Our understanding of gut microbiota composition and function has been significantly improved following the application of molecular and "omics" methodologies in combination with bioinformatics and statistical tools. For example, *Firmicutes* and *Bacteroidetes* were shown to be the most dominant phyla in pigs regardless of age, followed by *Proteobacteria*, *Actinobacteri*a and *Spirochaetes* ([@bib84], [@bib85], [@bib98], [@bib140], [@bib177]). Nevertheless, there are still some dynamic shifts in the composition of gut microbiota with age. The phylum *Proteobacteria* was found to be more abundant in the pig gut prior to weaning ([@bib177]). In general, the gut microbiota becomes increasingly stable during animal growth and consequently it becomes more resistant to dietary perturbations ([@bib81]). This explains why piglets are more susceptible to pathogen infection than adult pigs. It also demonstrates the importance in modulating the gut microbiota of young animals in order to have a healthy microbiota developed for better animal performance.

Several *in vivo* studies indicated that essential oils increased the *Lactobacillus* group and decreased *E. coli* or total coliforms in piglets ([@bib114], [@bib23], [@bib94], [@bib170], [@bib163]). These results were consistent with the results observed in several poultry studies with the supplementation of essential oils ([@bib123], [@bib148], [@bib8], [@bib13], [@bib24], [@bib97]), suggesting that essential oil treatment led to some fundamental changes within gut microbiota mainly in the number of observed *Lactobacillus* species. However, studying the effects of essential oils on the gut microbiome of pigs with integrated approaches (e.g., various molecular and "omics" technologies as well as bioinformatics and statistical analyses) is still needed in order to comprehensively monitor the shifts in composition and functionality of the microbiota in response to dietary essential oils treatments.

8. Effect of essential oils on feed palatability and digestibility and nutrient metabolism {#sec8}
==========================================================================================

Essential oils can increase feed palatability and intake with the enhanced flavor and odor ([@bib86]). However, the observed effect of supplemented essential oils to pig diets on feed intake is not consistent ([@bib117], [@bib143], [@bib170]). It is believed that the increased feed palatability associated with the supplementation of essential oils could also be due to their antioxidative properties that can preserve the qualities of diets and prevent the release of unfavorable odors from the diets ([@bib50], [@bib141]). Therefore, it might be interesting to replace chemical antioxidants (e.g., ethoxyquin and butylated hydroxytoluene) commonly used in the animal diet with enough amounts of essential oils (natural antioxidants), particularly when chemical antioxidants are prohibited ([@bib168]).

The gastrointestinal tract is the largest and most vulnerable surface to the outside world in the body and it not only absorbs nutrients but also senses luminal nutrients, chemicals and microbes through a chemosensory system with many nerve and receptors ([@bib52]). Recently, gut chemosensory system has received a lot of attention due to the fact that the system can regulate digestion, absorption and metabolism, with potential nutritional and pharmacological applications to improve gut growth, development and health ([@bib99]). Approximately 90% cells in the gut epithelium are absorptive epithelial cells and the cells express various nutrient transporters ([@bib62]). The gut epithelium has also small amount of enteroendocrine cells that can secret gut hormone peptides, such as glucoinsulinotropic polypeptide, glucagon-like peptides 1 and 2 (GLP-1 and 2) and peptide YY (PYY) ([@bib110]). It has been reported that several taste receptors including the sweet taste receptor T1R1 + T1R2, the umami taste receptor T1R1 + T1R3, bitter taste-sensing type 2 receptors (T2Rs) and other taste receptors are not only expressed in taste buds but also located in gut ([@bib72], [@bib33], [@bib138]). Moreover, there are also other nutrient receptors including calcium sensing receptor (CaSR) that is also called *Kokumi* receptor and lipid receptors in the gut ([@bib131], [@bib68]). All these receptors are considered to belong to a group of G protein coupled receptors (GPCR) ([@bib131], [@bib68]). The major function of nutrient transporters is to absorb luminal nutrients. However, it has been reported that nutrient transporters also contribute to the detection of nutrients in the lumen as transceptors ([@bib69]). Therefore, amino acids, peptides, glucose, and lipids can be detected by these chemosensors. It can be assumed that other chemicals (e.g., essential oils) in feeds might also be detected by gut chemosensors that have not been identified. Studies indicate that fasting, refeeding and high protein diets can affect the expression of the taste signaling molecule α-transducin throughout the pig gastrointestinal tract, providing further support to the concept that taste receptors contribute to luminal chemosensing in gut ([@bib104], [@bib34]). The chemosensors transduce information regarding the nutrient profile and concentration of the lumen to regulate intestinal gene expression (e.g., transporters), digestive enzyme and gut peptide secretions, eventually to control feed intake, digestion, absorption and metabolism. Several studies have been shown that phytogenic compounds can regulate the gene expression profile of ileal mucosa ([@bib95], [@bib96]) and stimulate digestive secretions for improving nutrient digestibility ([@bib70], [@bib101], [@bib94], [@bib2]). However, the mechanisms of regulating gene expression relating to immune and digestive functions are still not fully clear. It is very important to identify specific receptors for essential oils, which will help us to understand of the underlying mechanisms.

9. Considerations of the use of essential oils in swine nutrition {#sec9}
=================================================================

Viable alternatives to in-feed antibiotics should have several features: be safe to the public, cost-effective in swine production, and environmentally friendly ([@bib57]). Due to these multiple requirements, so far there is no single alternative that has been identified to completely substitute antibiotics in feeds. It is also challenging to use comprehensive and systematic studies to evaluate the efficacy, cost-effectiveness, and safety of essential oils in swine production. Moreover, other challenges in using essential oils as antibiotic alternatives are some potential side effects (e.g., unpleasant odor/taste and toxic), regulatory concerns and possible interactions with other feed ingredients (e.g., fats) ([@bib89], [@bib51]). The traceability of essential oils in feeds and pig tissues and feasible analytical methods are also important. A complete assessment (e.g., *in vitro* cell and *in vivo* animal models) on the toxicity and safety of essential oils is still needed before the compounds can be used extensively in pig feeds.

It is very important to fully understand the mechanism on why antibiotics can promote animal growth, which will help to develop effective alternatives to antibiotics in feeds. Several hypotheses on the potential mechanisms have been proposed: 1) reducing infection by the inhibition of pathogens; 2) making more energy and nutrients available for animals through reduction of total bacterial burden in the gut; 3) increasing nutrient absorption by thinning of the gut mucosal layer; and 4) reducing inflammation though modulation of the immune system ([@bib119], [@bib5], [@bib168]). Although the above hypotheses are supported by some studies, the mechanisms behind are still not fully understood. This has limited our effort to develop effective antibiotic alternatives including essential oils.

The gastrointestinal tract is a well-organized and complicated ecosystem and organ. It is mainly composed of epithelial cells, the mucosal immune system and microbiome. The gut microbiota has commensal and beneficial bacteria as well as bacterial pathogens. The ecosystem normally stays in homeostasis and the disruption of the homeostasis would affect gut functions and thus compromise gut health, animal growth and well-being. Essential oils have multiple functions as a whole, including antimicrobial, anti-inflammatory, anti-oxidative and disruption of QS as well as enhancing digestion and immunity. It is very critical to define the specific effects and target sites (either animal host or its microbiota) of individual components in essential oils, which will facilitate the application of essential oils in feeds.

Essential oils have been investigated as alternatives to antibiotic in animal production. However, the results obtained from previous studies are highly inconsistent. There are 3 potential reasons associated with the inconsistency: 1) variable dosages that may not be efficacious ([@bib31]), 2) different trial conditions (e.g., environment, animal age, genetics, feeds and health status), and 3) the lack of definition of the essential oils used in the study and the proper characterization of the active compounds involved. Moreover, most essential oils have the MIC values that are significantly higher than the levels that could be acceptable in swine production in terms of cost-effectiveness. The acceptance by the industry to use antibiotic alternatives to optimize the animal performance and health is also dependent on the cost of alternatives.

With their lipophilic characteristics, essential oil compounds may raise concerns about their potential toxicity and possible negative impact on animal health ([@bib7]). Most essential oils are also very volatile and can evaporate rapidly during feed processing and storage, resulting in varied amount of essential oils that are in the feeds and delivered to animals ([@bib89]). It has been shown that most or all thymol, carvacrol, eugenol and trans-cinnamaldehyde after oral injection were disappeared in the stomach and the upper small intestine in piglets ([@bib106]). Additionally, essential oils may interact with other components in feeds, leading to compromised antimicrobial activity ([@bib139]). Therefore, if not properly protected, majority of essential oils will be lost during feed processing, storage and delivery to the animal gut and thus may fail to reach the lower intestine of animals where most pathogens locate. It will affect the profitability of feed mills and farmers eventually and become one of major barriers for essential oil application in swine production.

A combination of different alternatives to antibiotic may hold the most promising method to substitute antibiotics in animal feeds. There are 3 major reasons: 1) one antibiotic alternative fail to cover all the performance-enhancing properties that antibiotics have; 2) there is a synergistic effect among different alternatives that will reduce effective dosages required to combat pathogens (e.g., organic acids and essential oils); and 3) an integrated approach should be taken to replace antibiotics, including nutrition, biosecurity and management rather than a supplementation of antibiotic alternatives alone ([@bib168]). Several recently published studies have shown that the combined use of different antibiotic alternatives had better effects on the performance and health of weaned pigs when compared with single compounds ([@bib170], [@bib159]). It is very important to understand the effects and mechanisms of action of various alternatives, which will help the design for more effective essential oils products to promote animal growth and improve feed efficiency in swine production.

A method that can effectively and practically deliver essential oils is very important for the use of essential oils in swine production. Enteric protections (e.g., microencapsulation and coating) have become the most promising method to solve the problem ([@bib54]). A widely used method is to microencapsulate essential oils in a lipid matrix that could release essential oils as it passes along small intestine ([@bib54]). It has been also reported that alginate-whey protein microparticles is a good carrier for enhancing the gut delivery of carvacrol in pigs ([@bib174]). Therefore, obviously proper protection technologies can reduce the required effective dosage of essential oils in feeds and reduce the cost of swine production. However, there are still some research possibilities to fully understand protection technologies and optimize delivery of essential oils into the lower gut. Thus, it would be for instance very interesting to investigate the physicochemical and molecular characterization of microparticles, which will bring more knowledge on the mechanisms underlying the phenomenon of stability or release of essential oils and then help optimize microencapsulation techniques to better protect and deliver essential oils. In this regard, the advantages of biodegradable polymer-encapsulated essential oil nanoparticles have made nanotechnology as well an exciting essential oil delivery method in animal gut ([@bib9], [@bib103]).

10. Conclusions {#sec10}
===============

The ban of AGP in swine production has been implemented in the European Union since 2006. There are more countries that are expected to follow in the coming years. A number of challenges (e.g., enteric infections and compromised growth performance) are associated with the withdrawal of antibiotics from feeds. The development of cost-effective antibiotic alternatives is the largest challenge, which is crucial for the long-term sustainability and profitability of swine production. Essential oils have a number of active ingredients and thus are one of the most promising antibiotic alternatives. However, the applications of essential oils in swine production have been increased slowly, mainly due to their variable outcomes and unclear modes of action. An improved understanding of the mechanisms underlying the functions of essential oils, including the effects on the 3 components in the gut ecosystem: gut microbiota, gut physiology and immunology, will allow us to make the best use of essential oils in swine production. Finally, microencapsulation and nanotechnology provide promising tools to effectively deliver essential oils to the animal gut and improve the efficacy of essential oils in swine production.
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